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Regulation of nucleo-cytoplasmic export of viral transcripts by a viral protein (Rev/Rex) is a characteristic feature in the
replication cycle of complex retroviruses. We recently reported that the endogenous retrovirus family HTDV/HERV-K encodes
a protein, Corf, that is a cellular Counterpart of Rev/Rex function and thus a new component of nucleo-cytoplasmic pathways.
In HTDV/HERV—K-expressing cells, Corf is localized within the nucleoli. Here we describe the nuclear localization signal
(NLS) of the Corf protein. Mutations in the NLS lead to cytoplasmic accumulation of the mutated protein and abrogate Corf
function in a trans-dominant way. © 2000 Academic Press
oIntroduction. Human endogenous retroviruses (HERVs)
are evolutionary footprints of germline infections by retro-
viruses and their subsequent fixation as inherent genetic
elements in predecessor species of human (1–3). Notably,
endogenous counterparts of the contemporary human ret-
roviruses HIV or HTLV are not known. A characteristic
feature of these viruses is the presence of accessory pro-
teins with regulatory functions, hypothesized as a recent
achievement in the evolution of retroviruses. We have de-
scribed previously that the human endogenous retrovirus
family HTDV/HERV—K, which entered the primate germline
more than 30 million years ago, encodes the accessory
Corf protein, which has structural similarities to HIV Rev
and HTLV Rex proteins (4). Similar to Rev and Rex, Corf
mediates nucleo-cytoplasmic export of unspliced and in-
completely spliced virus transcripts by binding to a respon-
sive RNA element, the RcRE (1). Analogous to Rev or Rex,
orf is expressed from a doubly spliced small mRNA spe-
ies, possesses putative nuclear import and export do-
ains, and accumulates in the nucleolus (1, 4). A charac-
eristic arginine-rich sequence (Fig. 1A) has been described
n Rev and Rex as the nuclear localization signal (NLS) that
ediates nuclear import and translocation to and retention
n the nucleoli. With regard to the arginine-rich motif of
hese retroviral shuttle proteins, nuclear localization is in-
xtricably linked with nucleolar localization (5–7). Compar-
ng the amino acid sequence of Corf with the well-charac-
erized domains of Rev proteins and Rex proteins, we had
redicted the putative nuclear/nucleolar localization signal
1 To whom correspondence and reprint requests should be ad-
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11f Corf (Fig. 1A; Ref. 1, 4). In this report we provide evidence
that this sequence is indeed the NLS domain.
Results. The arginine-rich domain of the Corf protein
comprises the NLS, which is essential for function. To
determine whether the N-terminal arginine-rich part of
the Corf protein comprises the NLS domain, a mutated
Corf expression plasmid was constructed in which char-
acteristic arginine residues were exchanged for alanines
(Fig. 1B). The wild-type and the mutated Corf proteins
were fused to green fluorescent protein (GFP), a protein
that is predominantly localized in the cytoplasm. The
usefulness of GFP fusion proteins for studying localiza-
tion and function of Rev and Rex has been reported in
many publications (8). Plasmids pCORFwt–GFP and
pCORFNLSmut–GFP are depicted in Fig. 1B. The fusion
of Corf to GFP directly demonstrated the presence of a
NLS, as the subcellular localization of the wild-type Corf–
GFP fusion protein in HLtat cells was almost exclusively
nucleolar (green fluorescence in Fig. 1C, part 1), a local-
ization identical to the localization of Corf in HTDV/
HERV—K-expressing cells (4), indicating efficient nu-
clear import of the fusion protein and accumulation in the
nucleoli. In contrast, the NLS mutated Corf-GFP fusion
protein was significantly excluded from the nucleus and
entirely excluded from the nucleolus (Fig. 1C, part 2).
Instead, it accumulated in the cytoplasm, confirming that
the arginine residues were essential for efficient nuclear
import and nucleolar accumulation and that the arginine-
rich domain was indeed the NLS domain. The same
results were obtained with Corf wild-type and mutant
constructs lacking the GFP fusion part in immunofluo-
rescence studies using an anti-Corf antibody and addi-
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12 RAPID COMMUNICATIONtionally with constructs in which only the wild-type or the
mutated NLS domain was fused to b-galactosidase in
FIG. 1. Analyses of the Corf NLS. (A) Comparison of the N-terminal a
relevant sequence of Corf–GFP fusion proteins expressed from plas
Arginine residues that were exchanged by alanine residues are depic
(1) pCORFwt–GFP or (2) pCORFNLSmut–GFP. Immunofluorescence sta
ere self-fluorescent (green). Corf wild-type predominantly localized t
upported Gag expression. Bar represents 25 mm. (D) Quantification of
the pCORF–GFP plasmids mentioned. (dotted line: cut-off). Error barsmmunofluorescence studies using an anti-b-galactosi-
ase antibody (data not shown).
e
CWe further analyzed the effect of the NLS mutation on
orf function using the test system that we recently
-rich Corf sequence with Rev and Rex NLS domains. (B) Structure and
CORFwt–GFP (wild-type) and pCORFNLSmut–GFP (black box: NLS).
oldface letters. (C) Cotransfection into HLtat cells: pHIVgagRcRE and
f all transfectants with a-HIV p24 (orange), Corf–GFP fusion proteins
ucleoli and mutant Corf to the cytoplasm. Only Corf wild-type protein
g in cell lysates. HLtat cells were cotransfected with pHIVgagRcRE and
nt mean deviation of five independent transfections.rginine
mids p
ted in b
ining o
o the nmployed to demonstrate the Rev/Rex-like function of
orf (1). In this test system a Corf-expressing effector
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13RAPID COMMUNICATIONplasmid mediates nuclear export of RNA transcribed
from a reporter plasmid that encodes the HIV gag gene
nd the RcRE element (pHIVgagRcRE). In transfections of
his reporter construct into HLtat cells—a HeLa deriva-
ive in which the constitutively expressed HIV tat trans-
gene activates the HIV promoter of the reporter construct
(9)—significant levels of HIV Gag were detected when
wild-type Corf–GFP was provided in trans (Fig. 1C, part 1;
HIV Gag expression is visualized with a p24 antibody in
immunofluorescence). However, in cotransfections of the
reporter plasmid and pCORFNLSmut–GFP as effector,
the lack of immunofluorescence staining of HIV Gag (Fig.
1C, part 2) demonstrated that mutation of the arginine
residues inactivated the protein. Corf–GFP expression
served as an internal control for transfection efficiency in
this test system since Corf–GFP expression did not de-
pend on posttranscriptional regulation (1). Abrogation of
Corf function was quantified by measuring the HIV Gag
FIG. 2. Nuclear mRNA export mediated by Corf and the Corf mutant.
(A) Northern blot of cytoplasmic (C) and nucleic (N) RNA isolated from
HLtat cells cotransfected with pHIVgagRcRE and the Corf-GFP ex-
pressing plasmids indicated above. Hybridization with the RcRE probe
evealed effective nuclear export of gag-RcRE RNA only with wild-type
Corf. Hybridization with the corf probe proved equal amounts of corf–
GFP RNA in the cytoplasmic and nuclear fractions, respectively. (B)
PhosphorImager evaluation of the cytoplasmic fractions. Signals were
normalized to corf–GFP RNA. The value of gag-RcRE RNA in transfec-
tants with pCORFwt–GFP was set as 100%. Error bar represents mean
deviation of three Northern blots using RNA of two independent trans-
fections.expression levels in cell lysates of the transfected HLtat
cells using an HIV p24 capture assay (Fig. 1D). In theseexperiments, wild-type Corf–GFP was 23 times more
active than the mutant.
Mutation of the Corf NLS Abolished Corf-Dependent
Nuclear mRNA Export. To identify the reason for this
functional inactivation, we examined the ability of wild-
type and mutant Corf to mediate nuclear export of the
HIV gag-RcRE reporter mRNA. pHIVgagRcRE and ei-
ther wild-type Corf–GFP or mutant Corf–GFP expres-
sion plasmids were cotransfected into HLtat cells.
Twenty-four hours after transfection nuclear and cyto-
plasmic RNA of the transfectants was prepared. Equal
amounts of nuclear and cytoplasmic mRNA were an-
alyzed by Northern blotting using probes specific for
the RcRE and the first exon of Corf (Fig. 2A). Only cell
cultures transfected with pCORFwt–GFP but none of
those transfected with the Corf NLS mutant contained
large amounts of reporter HIV gag-RcRE RNA in the
cytoplasmic RNA fraction. This result demonstrated
that the mutant protein failed to mediate nuclear ex-
port of the RcRE containing HIV gag RNA. Failure in
nuclear export also seemed to induce degradation of
the reporter transcripts because no accumulation of
HIV gag-RcRE transcripts in the nucleus was ob-
served. Since nuclear export of corf–GFP transcripts
does not depend on regulation by a viral export factor,
the presence of equal amounts of corf–GFP transcripts
in the cytoplasmic fractions again served as an inter-
nal control and confirmed that abrogation of Corf func-
tion was not caused by inefficient transfection or by
inefficient transcription of the mutated vector or by
reduced stability of the mutant transcripts. Phosphor-
Imager evaluation of the cytoplasmic RNA fractions
revealed that the mRNA level of gag-RcRE in the cy-
toplasmic fraction of cells transfected with CorfNLS-
mut was reduced to only 15.1% of the level mediated by
wild-type Corf (Fig. 2B).
The Export Inhibitor Leptomycin B Retained the Mutant
Corf–GFP Protein in the Nucleus. To study whether mu-
tation of the arginines excluded the protein not only from
the nucleolus but also from the nucleus, we transfected
FIG. 3. NLS mutated Corf accumulates in the nucleus after treatment
with LMB. Cells were transfected with pCORFNLSmut–GFP and were
untreated or treated with 6 nM LMB from the time of transfection until
fixation.
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14 RAPID COMMUNICATIONHLtat cells with the pCorfNLSmut–GFP expression vec-
tor and treated the cells with Leptomycin B (LMB). LMB
inhibits the nuclear export receptor CRM1 (exportin1)
and thus blocks nuclear export of Rev and Rex (10) as
well as that of Corf as LMB treatment of cells transfected
with wild-type Corf had led to an accumulation of the
protein in the nuclear and nucleolar compartment with
no residual localization in the cytoplasm (1). After treat-
ment with 6 nM LMB, part of the mutated Corf protein
accumulated in the nucleus but not in the nucleoli (Fig.
3). The fact, however, that even under LMB treatment a
substantial part of the NLS mutated Corf protein was still
localized in the cytoplasm confirmed that nuclear import
of this protein was inefficient compared to that of wild-
type Corf.
The Corf NLS Mutant Suppresses Wild-Type Corf Func-
tion in Cotransfections. Having shown that the Corf NLS
mutant was able to enter the nucleus albeit to a reduced
extent, we analyzed whether the Corf mutant interfered
with wild-type Corf function. For this approach, pHIV-
gagRcRE and pCORFwt–GFP were cotransfected into
HLtat and competed with increasing amounts of either
wild-type Corf–GFP or mutant Corf–GFP plasmid DNA
(Fig. 4). The plasmid pCMV, which is of equal size and
contains the same promoter, was added at complemen-
tary amounts to apply the same quantities of DNA, trans-
fection reagents, and promoter sequences in all trans-
fection experiments. Twenty-four hours posttransfection,
cells were lysed and cell lysates were subjected to HIV
p24 analyses (Fig. 4). The assay was performed under
conditions in which increasing amounts of wild-type
Corf–GFP did not significantly alter HIV Gag expression
FIG. 4. NLS mutated Corf inhibits wild-type Corf function. HLtat cells
ere cotransfected with 700 ng pHIVgagRcRE, 100 ng pCORFwt–GFP,
nd increasing amounts of either pCORFwt–GFP DNA (circles) or
CORFNLSmut–GFP DNA (triangles) as competitor and with pCMV to
qualize DNA concentrations: 1:0 ratio: 300 ng pCMV was added (this
ctivity was set as 100%); 1:1 ratio: 100 ng wt or mutant Corf plasmid
nd 200 ng pCMV; 1:2 ratio: 200 ng wt or mutant Corf plasmid and 100
g pCMV; and 1:3 ratio: 300 ng wt or mutant Corf plasmid. Error bars
epresent the mean deviation of six transfections.(line with circles). The level of p24 detected with 100 ng
wild-type Corf–GFP expression plasmid was set as 100%.The data clearly demonstrate that the NLS mutant sig-
nificantly inhibited Corf function already at a ratio of 1:2
and more efficiently at a ratio of 1:3 (line with triangles).
Determination of the protein content of all the transfec-
tants did not reveal any differences excluding nonspe-
cific cytotoxic effects of either wild-type or mutant Corf–
GFP. In addition, including either a b-galactosidase or a
luciferase expression plasmid as further internal reporter
plasmids in these competition assays resulted in equal
levels of b-galactosidase or luciferase activity, demon-
strating that the trans-dominant effect of the Corf mutant
was not caused by nonspecific toxic effects or lower
transfection efficiencies (data not shown).
Discussion. Viral proteins like Rev or Rex regulate
nuclear export of incompletely spliced viral transcripts by
binding to highly structured RNA elements present in
these mRNA species and to cellular cofactors. They
shuttle continuously between the nuclear and the cyto-
plasmic compartments although they are predominantly
localized in the nucleoli. Consensus signal sequences
with specific amino acid residues that characterize the
protein domains involved in nuclear import (NLS), in
nuclear export (nuclear export signals, NES), in nucleolar
localization (inextricably linked with the NLS), and in
nucleolar retention as well as in multimerization and
RNA binding of these proteins have been identified in the
past (for review see 11 and references therein). In this
report we present several lines of evidence that the
accessory gene corf that has been identified in the hu-
man endogenous retrovirus family HTDV/HERV-K pos-
sesses an arginine-rich domain that is the previously
predicted Corf NLS (4): (i) Fusion of Corf to GFP redis-
tributed this predominantly cytoplasmic protein (8) to the
nucleolar compartment. Mutation of the N-terminal argi-
nine-rich motif, however, led to enhanced cytoplasmic
accumulation of the mutated Corf-GFP protein and to
complete exclusion from the nucleoli. Using a RcRE-
dependent HIV Gag-based expression vector as reporter,
we confirmed that an intact arginine-rich motif is essen-
tial for Corf function (summarized in Fig. 1). (ii) Mutation
of the arginine-rich Corf domain prevented nuclear ex-
port of RcRE containing HIV gag mRNA. This effect may
be caused by impaired binding of the mutated protein to
the Corf responsive RNA element. Rev and Rex NLS
sequences bind to their responsive elements RRE and
RxRE in the target mRNA species (12–15) and in vitro
binding of wild-type Corf protein to the Corf responsive
element RcRE has recently been shown (16). However,
as RNA binding occurs in the nucleus or perhaps in the
nucleolus, inefficient RNA binding could be a molecular
reason for the nonfunctional RNA export in vivo only if the
mutant protein was efficiently imported and retained in
the nucleus. Although we demonstrated that the NLS
mutated Corf protein was not completely excluded from
the nucleus because it could be detected when nuclear
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15RAPID COMMUNICATIONexport was inhibited with LMB, these data, at the same
time, underscore the finding that nuclear import of the
NLS mutated Corf protein was indeed impaired and
depended on LMB treatment for visualization. The LMB
data are more indicative of the fact that the nuclear
export of Corf was not affected by the NLS mutation. The
significant accumulation of the mutated protein in the
cytoplasm hints at the possibility that the mutant protein
was rapidly exported from the nucleus, for instance,
because it did not localize to the nucleolus. Since pro-
teins with arginine-rich nuclear import signals use either
an importin-a/-b or in the case of Rev and Rex an im-
portin-b mediated import pathway, nuclear import of the
utated Corf protein indicated the existence of an alter-
ative import pathway similar to what has recently been
ypothesized for a NLS-depleted Rex mutant (17). (iii) In
ompetition studies we demonstrated that the Corf NLS
utant inhibited wild-type function in a trans-dominant
ay. This trans-dominant effect might be best explained
y competition for cellular export factors. Although the
ocalization of the NLS mutant is predominantly cytoplas-
ic, it shuttles in and out of the nucleus as shown by the
uclear retention when export was inhibited by LMB. If
he mutant was efficiently and rapidly exported, it might
ave caused exhaustion of nuclear export factors similar
o what has recently been described for a Rex NLS
utant (17). Alternatively, the fact that efficient competi-
ion was achieved already at ratios of 1:2 and 1:3 might
ndicate that mutant and wild-type proteins form inactive
eteromultimers.
Taken together, these data showed that the arginine
esidues in the NLS domain of Corf were important for
fficient nuclear import of the protein and were essential
or its nucleolar localization. Mutation of these residues
ltered the subcellular localization and led to a loss of
unction, indicating that they may also contribute to the
NA binding domain.
Materials and Methods. Plasmid constructions. The
lasmid pHIVgagRcRE has been described previously
1). pCORFNLSmut–GFP was generated by assembly
CR using mutagenic primers that introduced the amino
cid changes depicted in Fig. 2B and cloning of the PCR
ragment into the plasmid pEGFP-N1 (Clontech). The 32P
ycle sequencing kit (Amersham) was used to confirm
he introduced mutation. pCMV was constructed from
RC-CMV (InVitrogen) by excision of the multiple cloning
ite. Plasmids were produced in DH5a cells (Gibco BRL).
Plasmid DNA was prepared with an endotoxin-free plas-
mid preparation kit (Qiagen).
Transfections. Transfections were performed either in
six-well plates (Greiner, 0.5 to 1 million cells) containing
coverslips for immunofluorescence studies or in 25-cm2
tissue culture flasks (Nunc, 2 million cells) for HIV p24
quantifiation. Transfections were carried out with Lipo-
fectamine Plus (Gibco BRL) following the users’ manual.Transfectants were analyzed 24 h after transfection. In
transfections with LMB, 6 nM LMB was added from the
time of transfection until fixation of the cells.
Immunofluorescence. Immunofluorescence staining
was performed as described previously (1) using anti-
bodies a-HIVp24 monoclonal (mouse) 1:400 (DuPont),
goat a-mouse IgG, Cy3, 1:1,000 (Dianova).
Quantification of HIV p24. Cells were lysed with 500 ml
ell culture lysis buffer (Promega) per flask. Depending
n the expected concentration of HIV Gag 1 to 10 ml of
the cell lysate were diluted to 240 ml with 0.53 lysis
uffer and employed in the HIV AG-1 monoclonal p24
apture assay (Abbott) according to the manufacturer’s
nstructions.
Northern Blot. Cytoplasmic and nuclear RNA was pre-
ared with an RNeasy Mini Kit (Qiagen) following the
anufacturer’s instructions for preparation. Northern blot
onditions were described previously (4).
Accession Numbers. Sequence for RcRE is part of
ccession No. X82272 (1), and the accession number for
orf is X82271.
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